Matrix-free laser desorption ionization (LDI) is a rapid and versatile technique for the ionization of small, UV-lightabsorbing molecules. Indeed, many natural products such as polyphenols exhibit inherent LDI properties, potentially facilitating their detection from highly complex samples such as crude extracts. With this in mind, the present work thoroughly evaluated the potential of LDI as an analytical tool for the chemical profiling and differentiation of propolis samples obtained from different global regions. Propolis is a complex bee product containing, among others, significant amounts of phenolic constituents that may show LDI effects. The present work will demonstrate that LDI not only provides reproducible and highly specific fingerprint spectra for each of the tested samples, it further allows their clear differentiation by principal compound analysis (PCA). Contrary to classical analytical approaches such as LC-or GC-MS, LDI does not require time-consuming sample preparation and method optimization procedures. Thus, the technique represents a most interesting analytical tool and potent supplement to classic LC-MS for quality control of herbal pharmaceuticals and dietary supplements. Present results clearly support this approach and further suggest the use of LDI as a versatile tool for the automated analysis of large sample batches on an industrial scale.
Introduction
Natural products are an interesting group of mostly small molecules known for exhibiting diverse biological activities [1] . Moreover, these compounds often contain UV light-absorbing chromophores, which closely resemble those of matrices used in matrix-assisted laser desorption ionization (MALDI). Consequently, they may ionize upon simple laser irradiation and sometimes even exhibit matrix properties by themselves. These effects are not limited to specific structures and were reported for many chemical families such as alkaloids [2] , coumarins [3] , and particularly polyphenols [4] [5] [6] [7] . A study on the detection of phenolic secondary lichen metabolites from crude extracts has recently shown that LDI yielded equal or better results than concurrently performed LC-ESI-MS analyses [6] . In fact, all compounds detected by ESI were also observed by LDI, however, some constituents such as parietin, fallacinal, or hemoventosin were exclusively detected by LDI.
A most reasonable explanation for this observation may be that LDI generally produces protonated, deprotonated, and radical ions, while the latter are less frequently formed in the ESI process. Overall, this underlines the potential of LDI as a powerful analytical tool.
Contrary to the ionization process and the detection of single compounds, very little is known about the method's reproducibility when being applied to complex samples. The coionization of multiple compound mixtures always causes intricate interactions of all involved partners, independently from the utilized ionization method. With respect to MALDI, these interactions may enhance or reduce the overall ion yields of concerned analytes [8] [9] [10] . Similar effects may also be expected in matrx-free LDI, as both methods share related ionization mechanisms. Moreover, many compounds showing LDI effects are also reported MALDI matrices [5, 7] . Consequently, observed ion yields obtained from complex mixtures do hardly reflect absolute quantities of their single constituents. Despite this limitation, LDI may still provide a useful tool for quality control, as a defined mixture should always yield reproducible fingerprint spectra with characteristic key signals and signal intensity ratios.
With this in mind, the present work thoroughly evaluated the applicability of LDI for the chemical profiling and discrimination of propolis samples obtained from different regions of the world. Propolis is a highly complex bee's product containing, among others, diverse phenolic compounds at varying concentrations [11] . Therefore, it represents an ideal subject for the present study, which targets three principal questions: Do the methods of LDI and LC-MS yield comparable chemical profiles for a specific sample (I)? Does LDI show satisfying intra-and interday repeatability (II), and can the method be used for distinguishing propolis samples obtained from different global regions (III)?
Material and methods

Origin and sample processing of raw propolis
Propolis samples were collected in Europe, Asia, Africa, and America. European polar-type propolis (BFA-D) was obtained from Ballot-Flurin Apiculteurs, Abeilles Santé (Maubourguet, France) and collected in different regions of France from 2010 to 2011 [11] . Asian propolis (IRA-E) was collected in Saveh, Iran, in 2015. The African sample (UGA-E) was generously provided by JJLLIMA Holdings Limited, (Kitgum, Uganda) in 2013. American samples Green Brazilian (GBN-E) was provided by Natinov (Saint Lezin, France), and Mexican propolis (MEX-E) was collected in Quintana Roo, Mexico, and obtained from the Dzidzilche Honey-Distributing Store of the BProductores y Realizadores de Miel Maya^cooperative [12] .
Propolis samples were quick-frozen in liquid nitrogen and homogeneously pulverized. European-type propolis (BFA-D) was worked up following protocol A: One gram of crude propolis was mixed with 20 mL of cyclohexane, macerated for 2 h, and then filtered. The filtrate was discarded and the procedure was repeated another two times using the residue from the filter. After the third extraction, the dried residue from the filter was mixed with 20 mL of dichloromethane (DCM), macerated for 2 h, and filtered again. As before, the procedure was repeated two times but this time the filtrate was kept. Finally, the combined solvent of the three DCM filtrates was removed under reduced pressure yielding sample BFA-D [11] . As being outlined in the discussion, the BFA-D sample served as a reference and was subsequently analyzed by HPLC-UV-MS and LDI.
Any of the other propolis samples (IRA-E, OUG-E, GBN-E, and MEX-E) were treated according to protocol B: First, 1.5 mL of EtOH were added to 30 mg of pulverized raw propolis. The suspension was sonicated for 10 min at 30°C before being gradually cooled (10 min) to a temperature of 4°C. Then the suspension was centrifuged at 13000 rpm for 10 min. Finally, the supernatant was transferred to another vial before removing the solvent under a flow of nitrogen. This procedure yielded samples IRA-E, OUG-E, GBN-E, and MEX-E, which were consecutively analyzed by LDI.
Laser desorption ionization and sample preparation
Except for BFA-D (DCM), all samples were dissolved in a mixture of DCM and MeOH (1:1, v/v) and diluted to a final concentration of 10 mg/mL. An aliquot of 0.5 μL of each solution was deposited on the MALDI plate. Each sample was deposited in quintuplicates on a MTP 384 ground steel MALDI plate (Bruker).
General LDI experiments were carried out in linear negative mode on a Biflex III time of flight (TOF) mass spectrometer (Bruker Billerica, MA, USA) equipped with a 337-nm pulsed nitrogen laser (model VSL-337i, Laser Sciences Inc., Boston, MA). Spectra were acquired within a mass range of 20-2000 m/z in automatic mode. An overall of 300 single spectra from 30 random locations (10 laser shots each) were acquired and summed for each of the 5 deposition spots. Acceleration voltage was set to 19 kV, pulse ion extraction was 200 ns, and laser frequency was 5 Hz. Applied laser energy was individually adapted to sample requirements and is expressed as percent of maximal laser power. In addition, applied laser energy was also calculated as theoretical values in microjoules based on instrumental settings. Optimized ionization conditions for respective samples were as follows: BFA-D and IRA-E (70%, 105 μJ), UGA-E (65%, 98 μJ), and GBN-E (60%, 84 μJ). Samples were analyzed in quintuplicates and experiments were repeated over 5 days. High-resolution LDI for BFA-D was performed in negative mode on a Spiral-TOF™ MALDI TOF/TOF mass spectrometer (JEOL, Tokyo, Japan) [13] . Mass range: 10-1000 m/z, acceleration voltage: 20 kV, laser frequency: 250 Hz. The emission wavelength of the laser was 349 nm and the applied energy was 120 μJ. Raw MS data were treated by FlexAnalysis 2.0 (Bruker, Billerica, MA, USA) or mMass 5.5.0 (a freeware by Martin Strohhalm) [14] . Data analysis was performed within a mass range of 130 to 643 m/z where most of the specific signals for all extracts were detected. Preceding experiments (data not shown) found that best results were obtained in negative acquisition mode. Therefore, all experiments on both instruments were carried out in negative acquisition mode.
Post-acquisition data processing: Spectra were normalized by dividing each single signal by the overall sum of all considered signals within a spectrum. For PCA analysis (Fig. 5b, c) , signals smaller than 20% of the base peak were eliminated and remaining signals were normalized to the base peak (100%).
HPLC-DAD and HPLC-MS experiments
Ten milligrams of the BFA-D sample were dissolved in MeOH and centrifuged at 13000 rpm for 10 min. Then 10 μL of the supernatant were injected into the HPLC system. All HPLC-DAD experiments were performed on a 2695 Waters separation module (Guyancourt, France) equipped with a diode array detector 2996 (Waters Corporation, Milford, MA, USA) using a LiChrospher (VWR, Radnor, PA, USA) column 100 RP-18 (125 × 4 mm i.d., 5 μm) protected by a LiChrocart (Merck Millipore, Billerica, MA, USA) 4-4 guard cartridge (4 × 4 mm i.d.). All solvents were HPLC grade and gradient separation was performed as follows: solvent A: 0.1% formic acid in water, solvent B: MeOH, linear gradient increase of solvent B from 25 to 100% B within 40 min. Flow rate was set to 1 mL/min and UV absorption chromatograms were recorded at 254 and 280 nm.
All LC-MS experiments were performed on an Esquire 3000 plus (Bruker) instrument equipped with an ESI interface coupled to an ion trap mass analyzer. Conditions of ionization were as follows: Collision gas: He, collision energy amplitude: 1.3 V, nebulizer and drying gas: N 2 , flow rate: 7 L/min, pressure of nebulizer gas: 30 psi, dry temperature: 340°C, flow rate: 1.0 mL/min; solvent split ratio 1:9, scan range; m/z 100-1000. Chromatographic conditions were the same as in the HPLC-MS experiments but solvent quality was LC-MS grade. The identification of phenolic constituents was done by studying UV profiles, mass spectra, and fragmentation patterns as well as the comparison of these data with previous reports and commercial references [15] .
Principal compound analysis
Principal compound analysis (PCA) was performed using Origin® 2018 (OriginLab Cooperation, Northhampton, MA, USA) including the add-on Principal Component Analysis for Spectroscopy v1.00. A covariance analysis was performed and the number of extracted components was three.
Results and discussion
Being a highly complex bee's product, propolis is known for a wide range of biological activities such as antioxidant, antiinflammatory, and antimicrobial effects [11] . It mainly consists of varying amounts of resin, balm, wax, fatty acids, essential oils, and pollen, as well as various organic and inorganic compounds [16, 17] . Propolis can be roughly categorized in five groups according to collection sites and principal chemical markers [18] . These groups are (i) poplar-type propolis (containing phenolic acids, esters and flavonoids), (ii) Green Brazilian (containing prenylated derivatives and caffeoylquinic acids), (iii) Clusia-type propolis (containing polyprenylated benzophenones), (iv) Macaranga-type propolis (containing prenyl or geranyl flavonoids), and (v) Mediterranean-type propolis (containing diterpenes or anthraquinones). As mentioned earlier, several phenolic compounds of natural origin easily ionize upon laser irradiation and without matrix support [6, 19] . Some of them may even exhibit matrix properties by themselves [20, 21] . In order to evaluate the general LDI properties of propolis, BFA-D was selected for initial LDI, and LC-MS experiments. The sample was previously studied within a PhD project, in which 52 compounds were identified by LC-UV-MS or NMR either directly from the crude extract or from subsequently obtained subfractions [15] . The HPLC-UV profile of BFA-D is shown in Fig. 1 [15, 22] and detailed information about all compounds is provided in the Electronic Supplementary Material (ESM) Fig. S1 . It shall be mentioned that 17 of the 52 compounds were constitutional isomers, so the overall number of different molecular formulas was 43.
A first low-resolution LDI experiment (Biflex III, Bruker) performed directly on the crude extract yielded signals potentially corresponding to 38 of these 43 molecular formulas. An excerpt of these spectra (230-320 m/z) is shown in Fig. 2 and will be discussed later on in the manuscript. This result was quite encouraging, but for ultimate proof of the proposed molecular formula, high-resolution mass information was required. Therefore, the experiment was repeated on the Spiral-TOF instrument (JEOL), confirming 34 of the overall 43 formulas. Results from this experiment are summarized in Table 1 . In fact, also signals potentially corresponding to the missing four compounds previously observed in the Biflex III were detected. However, their low intensity (S/N ratios < 10) did not allow the unambiguous assignment of specific molecular formulas.
Nevertheless, comparing LDI results to those of LC-UV-MS highlights an important advantage of LDI:
The LC-UV-MS experiment permitted the detection of only 25 compounds (corresponding to 23 different molecular formulas) directly from the crude extract, while the rest of the constituents was exclusively observed in consecutively obtained subfractions after one or several steps of sample processing (ESM Table S1 ). Moreover sample preparation and LDI analysis were performed within a couple of minutes, while more than 1 h was required for the LC-MS experiment. Overall, these results demonstrate the interesting potential of direct LDI-MS as an analytical tool for the chemical profiling of complex phenolic mixtures. Further information about all compounds and their structures is provided in the ESM (Fig. S1 , Table S1 ) The second important aspect of the present study was to evaluate whether LDI provides sufficient intraday and interday repeatability. The co-ionization of complex mixtures is always a quite intricate process no matter which technique of mass spectrometry is used. In MALDI, the so-called matrix (MSE) and analyte suppression effects (ASE) are often observed [8] [9] [10] , and similar effects may also be expected in matrixfree LDI as both methods share related ionization mechanisms. Moreover, many phenolic compounds exhibit matrix properties by themselves [20] . Despite this limitation, a defined mixture of phenolic compounds should nevertheless yield characteristic signal patterns that may be used for dereplication purposes. For verifying this hypothesis, interday and intraday repeatability of signal patterns of BFA-D were analyzed. As outlined in the experimental section each sample was deposited in quintuplicates. When comparing spectra obtained from each of these individual deposition spots, an important observation was made: While absolute signal intensities between these spectra varied strongly, relative signal ratios remained quite stable.
For that reason, all spectra were normalized by dividing the intensities of individual signals by the overall sum of all selected signals. As shown Fig. 3a , the procedure significantly reduced variation observed for the five different sample spots. Standard deviations of averaged signal intensities were in the range of 2-22%.
Next, interday variation was evaluated by repeating the experiment on five different days. In the process, signals from five deposition spots analyzed within the same day were averaged and compared with data from the other days. As shown in Fig.   3b , results were similar to those of the intraday experiment (Fig. 3a) . Standard deviations were in the range of 2-20%. Detailed information and original data of Fig. 3a, b including standard deviations are provided in ESM Tables S2 and S3 . Overall, these results indicate that LDI provides stable and repeatable ionization profiles and should therefore allow the differentiation of propolis from different batches or origin.
With this in mind, the study was extended to four additional propolis samples (GBN-E, MEX-E, UAG-D, and IRA-E), which were analyzed by the same methodological approach. The Mexican sample (MEX-E) mainly containing sterols and pentacyclic triterpenoids such as α-and β-amyrin derivatives but no phenolic compounds [12] did not show any LDI effects (data not shown). This result was not surprising as LDI generally requires at least some absorption of the analytes at the emission wavelength of the used laser (337 nm), which is neither the case for sterols nor triterpenes. Any of the other samples exhibited clear ionization profiles of which BFA-D and IRA-E were very similar (Fig. 4a) . However, the polar plot outlined in Fig. 4b-e shows that all samples, including BFA-D and IRA-E, were clearly distinguishable. Despite the presence of overlapping signals, BFA-D and IRA-E do exhibit different relative signal intensities, providing an additional parameter of discrimination. This result was also confirmed by a consecutive PCA, where BFA-D and IRA-E showed up very closely in the same score square, while UAG-D and GBN-E were found at larger distances and in different score squares (Fig. 5a ). It shall be mentioned that results shown in Fig. 4b -e and 5a are based on averaged and normalized signal intensities from 5 days.
When considering automated LDI-MS analysis on a larger or even industrial scale, one important question needs to be answered: Is it possible to discriminate large sample batches based on the grouping of their individual spectra? For that reason a concluding PCA experiment compared data from 25 individual spectra (obtained from five individual sample spots) of propolis samples BFA-D, IRA-E, GBN-E, and UGA-E. In the process, two post-acquisition data processing steps were applied: First, spectra were normalized to their base peak (100%), and second, signals being smaller than 20% of the size of the base peak were eliminated. Results from this experiment are outlined in Fig. 5b : The PCA shows that extracts GBN-E and UGA-E are entirely separated from any other sample showing up in different score squares. As previously observed in Fig. 4a , sample IRA-E and BFA-D are very similar and consequently overlap in the PCA. However, when limiting the analysis to just IRA-E and BFA-D, both samples are clearly distinguishable (Fig. 5c) . With one exception, all data points (49) were located within the 95% confidence ellipses. These results are in line with the visual impression of the spectra excerpts (130-360 m/z) shown in Fig. 4a . On first sight, ionization profiles of BFA-D and IRA-E appear almost identical, but when looking more closely, small differences in signal ratios such as for peaks 269/271 and 253/255 m/z can be spotted. Nevertheless, samples exhibiting similar chemical profiles should be additionally analyzed by HPLC-UV-MS in order to obtain a more differentiated picture of their qualitative and quantitative composition.
Conclusion
Overall, presented results highlight the most promising potential of LDI as a versatile analytical tool for the chemical profiling of complex mixtures of phenolic compounds. Although LDI effects have been previously described for some natural products [2] [3] [4] [5] [6] [7] 23] , this is the first report on the repeatability of the method and its practical application as a discriminative tool for the analysis of complex phenolic mixtures. The example of propolis has shown that LDI may provide an interesting and time-efficient supplementary option to classic HPLC-DAD and LC-MS approaches in quality control and food security. Based on optimized experimental conditions and statistical analysis, the method may further facilitate automated sample processing on an industrial scale. Having in mind that various natural products such as alkaloids [2] and coumarins [3] , but also carbohydrates and triglycerides [23] do also exhibit LDI effects, the approach may be extended to these chemical groups.
